ABSTRACT
+ ] in a manner resembling elevated Hsp104. The major cytosolic Hsp40
Sis1p is the only Hsp40 required for replication of these prions, but it's role in [ (COX 1965; DERKATCH et al. 1997; LACROUTE 1971; SONDHEIMER and LINDQUIST 2000; WICKNER 1994 ). These prions propagate as amyloid that must grow, replicate and be transmitted between dividing cells in order to be maintained in growing yeast populations. Interactions among components of the cellular chaperone machinery influence these aspects of prion propagation in complex ways and an understanding of the molecular basis underlying their effects on prions is limited.
Previously we identified a mutant of Ssa1p, one of the four cytosolic Hsp70 homologs of the essential Ssa subfamily (JUNG et al. 2000) , that antagonizes [PSI + ] propagation. This mutant, named Ssa1-21p, has the substitution L483W that alters intrinsic and co-chaperone regulated Hsp70 activities (NEEDHAM and MASISON 2008 prion propagation, which is consistent with its dominant effects (JUNG et al. 2000) . The weak unstable prion phenotype of SSA1-21 cells resembles that of cells modestly overexpressing the protein disaggregating chaperone Hsp104 (SHARMA and MASISON 2008) , which at normal levels acts with Hsp70 and Hsp40 to promote prion replication by severing prion polymers (EAGLESTONE et al. 2000; FERREIRA et al. 2001; GLOVER and LINDQUIST 1998; PAUSHKIN et al. 1996) . (CHERNOFF et al. 1995; DERKATCH et al. 1997; MORIYAMA et al. 2000) . These and other data are consistent with there being a distinction between processes of prion propagation and curing, and a difference in mechanism of curing by ] by a similar mechanism.
Alterations in function or abundance of Hsp70 co-chaperones of the J-protein Hsp40 family, which activate Hsp70 ATPase activity and engage substrate proteins for interaction with Hsp70 (CYR et al. 1992; SZABO et al. 1994; WALSH et al. 2004) , strongly influence yeast prion propagation. Of these, the most widely studied both in general and in relation to prion biology are Sis1p, which is essential for viability, and Ydj1p. (DOUGLAS et al. 2008; HIGURASHI et al. 2008; SONDHEIMER et al. 2001) . et al. 2007; HIGURASHI et al. 2008; LOPEZ et al. 2003; SONDHEIMER et al. 2001 
MATERIALS AND METHODS
Strains, media and culture conditions: All strains are isogenic to 779-6A (Mat alpha, SUQ5, his3Δ202, leu2Δ1, trp1Δ63, (JUNG et al. 2000) . SIS1 was deleted by transforming strain 779-6A that carries pYW17 (pRS316-SIS1, see below) with a sis1::KanMX disruption allele that was PCR-amplified from an S. cerevisiae gene knockout library strain (ATCC).
Rich media used were YPAD (excess adenine) and 1/2YPD (limiting adenine). These and synthetic dextrose (SD) media, which contained only required nutrients and limiting adenine (8 mg/l) for monitoring prions, were as described (JUNG et al. 2000; SHERMAN 2002) . SD solid agar medium used for the counter-selection of strains containing the URA3 gene was supplemented with 1g/l of 5-fluoroorotic acid. Ingredients for growth media were purchased from Difco ]. To cure cells of prions, they were first grown on 1/2YPD plates containing 3 mM guanidine-hydrochloride, which inactivates Hsp104 and causes loss of prions as cells divide (FERREIRA et al. 2001; GRIMMINGER et al. 2004; JUNG and MASISON 2001 To isolate cells with SIS1 alleles on TRP1 plasmids only, they were first grown in the presence of uracil to allow loss of the URA3 plasmid carrying the wild type SIS1 allele and then transferred to FOA plates, which kills Ura+ cells (BOEKE et al. 1987) . Cultures were grown at 30º except where indicated. Liquid cultures were shaken at 200 rpm.
Plasmids: Plasmids used, listed in Table 1 , have a pRS shuttle vector base (SIKORSKI and HIETER 1989) . Plasmid pJ528, carrying the SUP35MC allele, is single-copy pRS315 (LEU2)
with SUP35 codons 124-685 driven by the SUP35 promoter. Plasmid pAK64, carrying the sis1H34Q/K199A double mutant allele, was constructed using the QuickChange site-directed mutagenesis kit (Cat. No. 200523 ; Stratagene, La Jolla, CA) and pGCH1 as template. Epitopetagged plasmids pAK29 through pAK32 were constructed by sub-cloning SIS1 alleles from plasmids pYW62, pYW66, pAK1 and pYW65 (see Table 1 ) into the commercially available pESC-TRP vector (Stratagene, La Jolla, CA) followed by transposition of the c-myc-tagged SIS1 gene under control of its native promoter into single-copy plasmid pRS314 (TRP1). (SSA1) and SSA1-21 strains that have a deletion of chromosomal SIS1 and carry a wild type SIS1 gene on a single-copy URA3 plasmid to ensure viability. The strains were first transformed by singlecopy TRP1 plasmids carrying the altered SIS1 alleles, and growth on media selecting for maintenance of both plasmids was used to monitor dominant effects of the mutations. To assess effects of the mutant Sis1 proteins as the only source of Sis1p, we then islolated cells carrying 52282689-file00 11 only the TRP1 plasmid on FOA medium (see Methods section). Because Sis1p is essential for viability, cells with the empty vector depend on the wild type SIS1 carried by the URA3 plasmid and were not viable on FOA. Cells expressing Sis1H34Q, which has a lethal mutation in the J domain that disrupts ability of Hsp40 to interact functionally with Hsp70, also do not grow on FOA.
For both SSA1 and SSA1-21 strains we recovered FOA-resistant cells expressing each of the remaining Sis1p mutants (see Figure 2 ), indicating that all of the mutant Sis1 proteins tested except Sis1H34Q supported normal growth as the only source of Sis1p. We saw no noticeable differences in growth rate, indicating the proteins were functionally expressed. Sis1p truncation mutants lacking the CTD, however, grew at reduced rates. Because effects on growth complicate interpretation of prion phenotypes, these mutants are discussed separately. Figure 4C ). GLOVER and LINDQUIST 1998; GRIMMINGER et al. 2004; JUNG and MASISON 2001 shown in Figure 7C . Co-expressing Sis1H34Q considerably reduced curing by Hsp104 (Figure 8 ), and although cells expressing the Sis1H34Q/K199A or Sis1H34Q/ΔDD double mutants cured approximately four to five-fold better than those expressing Sis1H34Q, they did not cure as well as those expressing wild type Sis1p. These data suggest that the inhibition of curing by H34Q depends only partially on Sis1p substrate binding and dimerization activities, which is consistent with our other data and indicate that Sis1H34Q and Sis1ΔDD can alter the curing machinery differently.
The only Sis1p mutant that affected the anti-prion effects of Ssa1-21p and Hsp104 differently Sis1p is believed to act in prion propagation as a specific Hsp40 component of the Hsp104 disaggregation machinery that severs prion polymers, thereby generating new prions from existing ones (ARON et al. 2007; TIPTON et al. 2008) . While our data are consistent with a role of Sis1p in prion replication, they are not consistent with the proposed role of Sis1p in delivering substrates to the disaggregation machinery (TIPTON et al. 2008) being the essential activity in this process. Our finding that the J and GF regions of Sis1p are enough to provide Hsp40 function in prion replication suggests that functions of Hsp40 other than direct regulation of (CHERNOFF et al. 1999) and it might play a role in this distinction.
These data also imply that prion propagation requires only a specific regulation of Hsp70 by ] prions are a liability to cells rather than a benefit (JUNG et al. 2000; MCGLINCHEY et al. 2011; NAKAYASHIKI et al. 2005) . ] phenotype is somewhat weaker at 30º (JUNG et al. 2000) .The plates with limiting adenine (columns 1 and 2) were subsequently replica-plated onto medium containing uracil to allow loss of the URA3 plasmid (not shown) and then onto similar plates containing FOA, which kills cells retaining the URA3 plasmid. The FOA plates (not shown) were then replica-plated onto plates with limiting (columns 6 and 7) or no adenine (columns 8 and 9).
For clarity, patches of cells grown on the same plates were rearranged as separate images to produce each column, and images have been omitted wherever growth is absent for an entire column of transformants (e.g. from a URA3 plasmid and Sis1 proteins (indicated on left) from a TRP1 plasmid were grown on medium selecting for both plasmids (not shown). These plates were then replica-plated onto limiting adenine plates with uracil (columns 1 and 2), which allows loss of the plasmid encoding wild type SIS1. These plates were then replica-plated onto medium containing FOA (columns 3 and 4) and then the FOA plates were replica-plated onto plates with limiting or no adenine as indicated (columns 5 through 8). (B) The same transformants were processed similarly except the initial limiting adenine plates (columns 1 and 2) contained 3 mM guanidine-hydrochloride to inhibit Hsp104-mediated prion replication. 
